The authors propose that light entering the eye interacts with retinal ganglion cell (RGC) axon mitochondria to generate reactive oxygen intermediates (ROI) and that when these neurons are in an energetically low state, their capacity to remove these damaging molecules is exceeded and their survival is compromised. They suggest that in the initial stages of glaucoma, RGCs exist at a low energy level because of a reduced blood flow at the optic nerve head and that in the mitochondrial optic neuropathies (MONs), this results from a primary, genetic defect in aerobic metabolism. In these states RGCs function at a reduced energy level and incident light on the retina becomes a risk factor. Preliminary laboratory studies support this proposition. Firstly, the authors have shown that light is detrimental to isolated mitochondria in an intensity dependent manner. Secondly, light triggers apoptosis of cultured, transformed RGCs and this effect is exacerbated when the cells are nutritionally deprived. Detailed studies are under way to strengthen the proposed theory. On the basis of this proposal, the authors suggest that patients with optic neuropathies such as glaucoma or at risk of developing a MON may benefit from the use of spectral filters and reducing the intensity of light entering the eye. 
I
n 2001 we summarised potential risk factors for retinal ganglion cell (RGC) death in glaucoma, concluding that their vulnerability was affected by reduced blood flow at the optic nerve head. 1 We propose here that light transmitted to the retina is an additional risk factor both for glaucoma (fig 1) and the mitochondrial optic neuropathies (MONs).
RGC axons within the globe are functionally specialised. These unmyelinated axons are richly provided with mitochondria, located in varicosities along their length. 2 This satisfies the high energy requirement for nerve conduction in unmyelinated neurons, 3 4 contrasting with the lower requirement in myelinated axons such as in the optic nerve, where transmission occurs more efficiently by saltatory conduction. Mitochondria are cytoplasmic structures that house the respiratory chain complexes I-V. Their chief role is in the provision of cellular energy in the form of ATP, by the process of oxidative phosphorylation.
LIGHT TRANSMISSION IN THE EYE
The basis for this proposal is that light falling on the retina interacts with RGC mitochondria to generate reactive oxygen intermediates (ROI) and impair their viability. The cornea and lens absorb light at wavelengths below 295 nm and 400 nm, respectively, 5 6 so that the retina is exposed to the visible component of the electromagnetic spectrum from 400-760 nm. Absorption of the shorter wavelengths by the lens rises exponentially with age, owing to the accumulation of yellow chromophores. 7 Thus the greatest exposure of the retina to blue light occurs in the first two decades of life. 8 It should be noted that the outer retina (retinal pigment epithelium and photoreceptors) is partially protected from blue light by the macular carotenoids, located in the photoreceptor axons and outer plexiform layer, absorbing with maxima around 450 nm. 9 Mitochondrial chromophores of the nerve fibre layer of the inner retina may perform a similar function.
LIGHT AND RETINAL TOXICITY
It was recognised by Noell et al 10 that light, particularly blue light, can induce retinal damage by a photochemical process leading to the generation of ROI. Blue light (450 nm-490 nm) is bioenergetically the most efficient source of retinal light damage. Such intermediates, which include singlet oxygen, superoxide, hydrogen peroxide, hydroxyl radicals, and nitric oxide, are highly toxic and give rise to cell damage by protein oxidation and lipid peroxidation. Cell defence mechanisms may be enzymic, such as superoxide dismutase, catalase, and glutathione peroxidase or involve antioxidant molecules such as vitamins A, E, and C. 11 The turnover of cell components is also a potent protective mechanism. 5 In a photochemical reaction, intermediates are formed by the interaction of light with photosensitisers, which in the retina may be present in retinal pigment epithelial (RPE) cells (for example, lipofuscin and possibly melanin) 11 and photoreceptors (for example, rod and cone opsins and retinoids). 14 and generates ROI which can be neutralised by mitochondria specific antioxidants. 15 In another study, light induced breakdown of the blood-retinal barrier in albino rabbits was attributed to blue light absorption by cytochrome oxidase in the RPE. 16 More recently Godley et al 17 demonstrated the production of ROI on irradiating non-pigmented RPE cells with blue light in vitro.
Here it was argued that mitochondrial respiratory chain enzymes, the flavin and cytochrome c oxidases, absorbing light maximally at around 440-450 nm, acted as photosensitisers, chiefly with the generation of superoxide. 17 This was associated with mitochondrial DNA damage.
HYPOTHESIS
With this background we hypothesise that light is a risk factor for optic nerve damage in glaucoma and the MONs, in the following way:
N RGC axons within the globe are laden with mitochondria. N The mitochondria of these axons are directly exposed to light photons. 
LIGHT AND THE OPTIC NEUROPATHIES
The chronic glaucomas, such as primary open angle glaucoma (POAG) and the inherited MONs, have features in common. In both glaucoma and MONs 18 ganglion cell death is by apoptosis and leads to an ascending optic neuropathy. Pathologically enlarged optic cups may be encountered in both disorders. 19 However, the MONs have a juvenile onset, while POAG is a disease of older age groups; differences in the patterns of ganglion cell loss also need explanation.
In POAG, RGC death is accompanied by a characteristic visual field loss, pathological nerve head cupping, and glaucomatous optic atrophy, which develop over several years. There is strong support for a vascular mechanism in which impairment of blood flow at the optic nerve head is caused either by raised intraocular pressure (IOP) 1 or by intrinsic vascular factors. 20 21 IOP is a major risk factor for field loss in glaucoma, whether raised (high tension glaucoma, HTG), or within the normal population pressure range (normal tension glaucoma, NTG), and there has been definite success in slowing progression by lowering IOP in both HTG and NTG. 18 The vasogenic hypothesis of glaucoma 1 20 21 implies that RGC axons are metabolically compromised by the impaired optic nerve head blood flow. The possible consequences are summarised in figure 1. The distribution of affected axons is determined by these initiating vascular factors. We suggest that once a bioenergetic defect is established, these axons are at additional risk of damage through the photochemical mechanism described above. The pattern and timing of ganglion cell loss will be determined by the timing and distribution of these initiating factors. In this case light damage is invoked as a mechanism which accelerates the progression of an established disease. The inherited optic neuropathies are a group of disorders in which cell death occurs, chiefly confined to RGCs. 22 In the inherited MONs, mitochondrial function is impaired by mutations in either mitochondrial or nuclear genes. An enigmatic feature of these disorders is that, despite the expression of these mutations in many organs of the body, the optic nerve is the major, and often the only clinically affected organ. 23 This has raised questions as to factors that target the disease to the optic nerve.
Leber's hereditary optic neuropathy (LHON), is a maternally transmitted disorder, affecting males more frequently than females, because of mutations in mitochondrial genes encoding complex I subunit proteins. 24 The disorder presents acutely or subacutely with a central or caecocentral field loss. Damage to the papillomacular nerve bundle is followed by the development of optic atrophy. A limited recovery of function may occur, which is influenced by the genotype. 25 Histologically, a preferential loss of small axons has been reported. 26 Mutations lead to an impairment of complex I driven ATP synthesis, affecting the key function of aerobic metabolism.
Loss of complex I activity increases ROI production and leads to cell death by apoptosis 27 -for instance, by the release of cytochrome c into the cytosol. 28 This mechanism has been clearly demonstrated in a cell model of mitochondrial function using hybrid tumour cells containing LHON mitochondria (cybrids). 24 29 In such LHON cybrids, ATP synthesis from the tricarboxylic cycle is compromised by the complex I defect. When these cybrids are transferred from a glucose to a galactose medium, they are unable to sustain ATP production from glycolysis alone and a catastrophic fall in ATP production occurs. This leads to a rise in ROS production and occurrence of apoptotic cell death due to a mitochondrial, cytochrome c dependent mechanism. Cybrids containing normal mitochondria show only a reduction in growth rate.
There is evidence too for a deficiency of ATP production in another juvenile optic neuropathy, autosomal dominant optic atrophy (ADOA), which is caused by mutations in the gene OPA1. 30 31 Onset is in the first decade of life and progression is slower than in LHON. Field loss is central, paracentral, or caecocentral. 23 Mutations affect a complex I subunit protein encoded by nuclear DNA, which is a dynamin related GTPase involved in the maintenance of the mitochondrial network. Evidence for an impairment of calf muscle ATP regeneration after exercise was found in affected ADOA patients using phosphorus magnetic resonance spectroscopy. 32 This emphasises the general nature of the functional mitochondrial defect, while disease is confined to the optic nerve.
Olichon et al 33 showed that downregulation of OPAI in HeLa cells led to fragmentation of the mitochondrial network, cytochrome c release, and apoptosis. They suggested that a haplo-insufficiency of OPAI in ADOA increases the susceptibility of RGCs to apoptogenic stimuli, including, it is of interest to note, ''the daily exposure to ultraviolet light.''
As proposed for glaucoma, we hypothesise that in the presence of a bioenergetic defect, visible radiation incident upon the retina targets injury to the optic nerve in these Figure 2 The influence of light on isolated mitochondria. Equivalent amounts of freshly isolated rat liver mitochondria in physiological medium were placed in the dark or light (800 or 4000 lux) for 12 hours. In some cases mitochondria were first sonicated to destroy their integrity. For the last hour of each treatment, 0.5 mg/ml of either WST-1 or MTT were added to the mitochondrial suspensions. As shown in (A), mitochondrial dehydrogenase activity is markedly reduced by light exposure in an intensity dependent manner when compared with dark exposure. Also, sonication of mitochondria drastically reduced dehydrogenase activity with no difference between light and dark exposure. These results show that sonication disrupts mitochondrial function and that light exposure causes mitochondria to function less efficiently than in the dark. Similar conclusions are reached from analyses of the REDOX state of the mitochondria (B). When mitochondria are disrupted by sonication, similar results are found for dark or light conditions. In contrast, in the dark, intact mitochondria show a maximum capacity to reduce MTT while this is much reduced by light in an intensity dependent manner. ***p,0.01, *p,0.05, comparing preparations to dark control by Bonferroni post-test analysis (n = 6 preparations for each test). Figure 3 The effect of light and serum deprivation on cultured RGC-5 rat RGCs. Cells were passaged onto borosilicate glass coverslips and then exposed to (A) normal serum conditions in the dark for 48 hours, (B) serum deprivation in the dark for 48 hours, (C) normal serum plus filtered light of intensity 800 lux (wavelength 400-760 nm) for 48 hours, and (D) serum deprivation and 800 lux lighting for 48 hours. Cells were then fixed and stained by the TUNEL procedure as an index of apoptosis and counterstained with haematoxylin. It can be seen that TUNEL positive cells are particularly plentiful (up to 20%) in cultures exposed to light and serum deprivation (D) and occurred in low amounts in cultures exposed to serum deprivation in the dark (B) and normal serum in the light (C). However, in normal serum in the dark no TUNEL positive cells were detected (A). Scale bar, 20 mm.
inherited optic neuropathies. These mitochondrial neuropathies differ, however, from the adult glaucomas in that their bioenergetic defect is present from birth. As a result, retinas are exposed to the highest intensities of short wave (blue light) radiation in the earliest years. We think that this may explain the difference in the timing and pattern of neuronal loss between these disorders and glaucoma. The hypothesis put forward here has implications for other forms of chronic glaucoma, particularly infantile and juvenile glaucoma, whose onsets coincide with periods of high retinal blue light exposure. Similarly, in Friedrich's ataxia, an autosomal disease associated with cerebellar ataxia and optic atrophy, there is a mutation in the gene for frataxin, which regulates mitochondrial iron levels. 34 Also of relevance are conditions associated with optic atrophy which impair the blood supply to the optic nerve head, such as arteritic ischaemic anterior optic neuropathy, 35 or to the inner retina, such as diabetic retinopathy.
PRELIMINARY STUDIES IN SUPPORT OF THE HYPOTHESIS (FIGS 2 AND 3)
We have data to show that light in the range 400-760 nm, reduces the functional status of isolated mitochondria in an intensity dependent manner. In these studies mitochondria were isolated from the liver and incubated overnight, in the dark or in light at two different intensities. Thereafter, the samples were analysed for an indication of the REDOX potential (by MTT assay) and for mitochondrial dehydrogenase activity (using the WST-1 assay). MTT is reduced to an insoluble, blue formazan product because of acceptance of electrons from cellular reducing equivalents such as NADH, NADPH, or succinate, thus providing an assay for the REDOX state of a sample. 36 The REDOX potential is a measure of the oxidative status of a cell-a fall in the potential implies that the balance is in favour of oxidation, as might arise through the action of ROI. WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) is a tetrazolium dye containing an electron coupling agent that is cleaved by mitochondrial dehydrogenases to a formazan dye with an absorbance at 490 nm (Roche, USA). 37 Mitochondrial dehydrogenase activity is directly related to mitochondrial energy production-a fall in activity implies reduced production.
Using the MTT assay, we found that the REDOX potential of the mitochondria was reduced by light exposure in an intensity dependent manner ( fig 1B) suggesting that light generates an oxidative environment within the mitochondria-with a fall in reduced cofactors necessary for mitochondrial respiratory activity. We have also shown that light causes an intensity dependent decrease in mitochondrial dehydrogenase activity (fig 2A) , implying that mitochondrial function is inhibited by light. These studies support the principle that light (optical radiation above 400 nm) entering the globe can interact with mitochondria to generate ROI and influence their metabolic state.
That a light insult can affect RGC viability is shown in figure 3 . In this preliminary study on a transformed ganglion cell line (RGC-5), light (400-760 nm) was found to cause a greater amount of cells to appear apoptotic by labelling for the TdT-dUTP linked nick end labelling technique (TUNEL) 38 when compared with a dark exposure over the same time period. Most importantly, this light effect was enhanced when the cultured cells were nutritionally deprived by reducing the serum content of the medium.
CONCLUSIONS
We have summarised the evidence suggesting that RGC death can be brought about by light. We conceive this to be a two step process: (1) a deficient production of mitochondrial ATP in RGCs impairs their ability to scavenge ROI; and (2) a failure to scavenge ROI generated by light in intraretinal RGC axons leads to RGC apoptosis and death. In this way, a unique feature of the human retina, the presence of unmyelinated, intraretinal RGC axons, rich in mitochondria, is suggested to be the means by which light, the raison d'etre of the visual process, targets damage to the RGCs, to cause optic atrophy and blindness.
Should light prove to be a risk factor in such diseases then reducing the intensity and modulating the wavelength of light entering the eye may be beneficial. There is an extensive literature indicating how this might be achieved to prevent various disorders, by the provision of protective headgear, including wraparound, light filtering spectacles and by behavioural and other modifications of environmental exposure. 39 40 In devising protective spectacles it will be important to recognise the action spectrum of the target tissue, in this case the RGC mitochondria.
